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1, 1,

)]tll(,(ilJrli(,li

I I I  Illi< CII:IIII(I ,  ;Il)(i  1[1 Cll:l])l  (’1 :~(), lIIC l):l\ic ilIl(I lcl:llio]i<ltil, lxlv:([II 111(

illlk of l;i(ii:illt CIIcI~:y  llll~)l}f:tl 111( \’:;Il(l [LIIIIIIIII :~il(i III( Iix:l[ioll (Ii” (;: II)(III lIy tlI(

lIIIy((II Il:IIIl:t(III it! ttlc  (ICC: III ttllollf:t) )IILIrCSSCS  (j f Illlo[osylllll[si<” 01 ]I]il IIOty  ],lo(ill(tioll”

\’,fill  I)c (li<cll\<c(i. ‘III( (ii<(’ll<\ioll\  \’}fill illclll(ic III( cotlllillll(i(lll l~y li[:llt sc:ll[(lillf’,

:Ill(i :Il)soll)[ioll” []}) SC: I \l,,;It(.t  :Ill(i I)io{:(.lli(. I):lt(i(,l(.s I(I IIIC (ii$ltil)lltioll (If lii(ii:lllt

(t I(”If:y  ilI 111(’ $(: I 111:11 i< :l\’:liI:!lllC f(jl [~llot(jsylllllcsi\. “Jlli<  (ii\c(l<sioll V.’ill ilICltl(i(

c>.:1111]11($  of” oi)[i~:l] \;tli:ll)ili[\~ ill (11[. s(,;l :Ill(i :1 (.oll\i(i~l;llioIl”  of” [II( s(l\ll cc\ of” llli<

\’:11 i:ll)ility,

‘III( :Il)sotl)lio]l”  :il I(l S(:t(i(]illj:  (}1 Iij:l)( lIy ])1 Iyl(Illl;It  Il; tol  I I(JII(S(III :1 Si}:llil”ic:tllt

:Ill(i Solll(.lilllcs  (iollliIl:!llt Sollt(’c  (If lif:llt :it((,  llll:llioli V,,i[llill 111(. \l.’ill Vl (.011111111, )~:,li:l[iol,s

ill tlI(. collccllli~llioll”  (If’ ]IIIytol Il:IIIl:l(JII :If’lcc[ IJOIII tlic. flllx (i(.ll<ily :!il(i s[)CCII:Il

(ottll,osi[ioll  (If li[:l)l :{1 (ic[)[ll. Sillu( ]Il)oto$yilttl(.si<”  :Ill(i III( [:IOY,’111 of lIIIyt(I] Il:IIIl; (OII

i~ ( i i i\’c]] I)y lif:llt cl ICIj  I,y, 111(  \’cllicol (iifttitlll[ioll  of 111(. tIIIyl(II Il:It Il:l(III (IOJI :Ill(i il\

I)lo(i(l((ioll” :Ilc ]: II{:(]y (i~l(ljjliil[(i  IIy [II(,  siy(. [Il,(i ()~,li(:!l  JJlo])(l[i(s  01” tlIC CI(III

jl\rl l’, :III(i 11}1 tlIc \’cllic:Il  (ii<llil)lltioll of lllllti(.llt\ ill llIC  \’,’Llt(l C(I1(IIIIII. A s  :1 1(’\Lllt

or 1]1(. :If((,llil:ltioll  (If li[:llt I)y ilIC lIIIy[()]  )l:llll; t()l I Clo]), tlI( l:l(ii:ttlt cl IcIi:y :11’oil:ll)lc  10

111( 1)1 Iyt(I]Il:I IIl:l(III (i(oc::Kcs V:ill} (ic~,l)l,  (Ifl(lI lilllilill[: tlIc ILI{(5 01” ]JIIol(Isy IItl I(si\ I(II

illl(llll(’(ii:ll(” (i(]) ttls. At [I,IC:I1(I  (icl, tli<, III( )c(ill({(i 1)1 I(It(III (Iilx ii ill\\llfi(i(llt  1 (  I

sLIl)JI(II[ II(1 lIIi II 1:1 I\, ]Ilo(ill(.liolt,” :ltI(i l(s])il;ilioll  (.k(. (c(i<  [:to\,,’(11  i]) ttli< Ilol[ioll ()(” 111(’

\’,’ill(’l Col(llllll,



1, ,,

lij:lli  Al)\ol])li(,tl  ;III(i “J’}Ic l:i(l.oj,li(;,l  hl(Idcl

of (lIc  lli[tls(ollll:ltioll<”  o f ’  IIitl[)[;(.11  :Ill(i CIIc]t:y ill

tlIc ]~l:ltll:t(lllic c(llllllllllii(y it ill(l\ll;lt((i ilI f’i{:(lt( 2 1 , ‘J IICSC tt;!li<l”ollll:lli(~lls  itlci(t(ic

]~llot(lsylltllclic :I<$ill]il:ltiorl  Of’ I(cyclc(i ]Iill(j[:cll  ilI tlIe fol][i (If :iTlllil(Jlli(lIll  01 uIc:I :1$

\’,’cll :1< “llc.\  \’” Ilitl(l[:c]l  Itdl}<l]ollc(i lIy :l(i\’CCli(ll  I (II lllilill~:  ilIt(J lIIC (.{l]lll(lli(, 7(11 Ic ft(IIII

})c I(Iv,’ tlIC  s(’:I\OII:Il tllcllll(wlillc (J~~I[:(i:llc. :ill(i (i(~(lill[:, 19(1!!) (s(.(’ (’I,:ljllcl 1 9 ) .  ‘Ii, r

C(lllll:ll  llitto[’,(’11  Of lIIC  lIIIyl OIIl:il  Il:totI”  (IO]) is c\’CIIt Ll:Illy  Ililll<f’ollll(.(i  I,y sc\’c1211

Corll])clill[:  jII(Iccss(.  s. Nif  1(1[:(1 I ]IIay IX tccycl ((i ,  St(llc(i ill 111(. Stoc}:  (If’ [:l:17ilI[:

l)cll,i\’(tl(,ll\ 2( KII11:II11:((JII, c(lllvcl[(,(i  illl(l (icllitai I):lllicl(.s IIy (“~:cslio]l  all(i diss(jl\’c(i

ol~::llli(. IIillo[:cll Ily Ck(.lcti(lll, (lall<fcllc(l 1( I IIi[’,11(1 !I(ll,l!ic l(\Jcl<, (II l o s t  fIOIII tllc

Syst(.111 I)y Silll: ill{,,  of 111(’. (’1(11}. I f ’  tllc c[:(sl((i  j~:ltticl(s :Ilc 1:11 [:( f’cc:Il  ]Icllcl<, tlI(.  y

Silll: ilIp,: i f  SIII:III, tlI( I]:llticlc<

[(1 ]}li[ll(J(llcll]i(.:11  :Ill(i [Ii(ll(l[:i(:)l

20 /1111 Colitlil~llt(, Si[:llif’i(.nlllly to

tll C :Il)soll)ti(lll  :Ill(i SC:ltl(’lill[,, O f  Ii f:lil ill tlI(’ (J]WII (~cc:ilI, III tl)c illll~li+ttio]l  SII()\I,’11  ill

fi[:(llc. 2- J ,  II ICSC. ]I:t)[icl(s il](l(](ic l~lIy[(J~Jl:IIIl:t(III  :111(1 stls~]cll(i((i  IIl:lt(ti:]l, illcl(l(iill[:

(ic(lilll\, ]]ic(ll)l:tlll;l(~ll,
. .

lllict(~fl:l~:(,ll:il(.s,  (’III:IICS :Il)(i  (.yfil Iol II Iclc I i:!. fl,ltllou[:tl  tll(l(.

lI:l\’c lICCII II LIIII(IO IIS (icsc]ij,lio],<  of tl, csc Itilll<f(lllll:,li(,]ls  ( C f .  l<i(fct, 1084), Iliclc lI:I\r

I)C(’11 IC.l:ltivcly f’C.\’,’  :lllCIIIl)l\  to f(,llllill:ll(. tllc I]i(l -  (Jl,li(.;,l  l,]()])cllics (If llIe Sysl(III. ‘I(I

(ii$(.  (lss IIIC :l\qiil:ll~]c  clI(.l~:y f(ll tllc l~l)ol(~syllll](,lic  j)l(I(c SS, \\’c Ill(l\t :I(i(ilcss  ttlc  f:lt(’

Of lil(ii:tllt clI(TI~:y  H\ it i)I(I~I:I[;:Ilcs  [1 I1o LI[:1I 111( \I,’:Itc I C(IllIIIIII :Ill(i is :Illsoll)((i  ot

sc; !t[c.lc(i  1))~ II I(.. Sc:I \’.’; I[cl, [Iy tll(. Ill:,lill(, J)l Iylol)l:ll  Il:lolI”  (Ii Ol[Icl  },[lltic(ll:,t(  IIl:lt(.li:,l,

C)I [)}, IIIC (ii SS(]]\~C(l (Jt/::lllic ]ll:lt~li:il (lc)i\r(. (i fl(llll  tlIC ]Jl:ltil:t(lllic  Collllll(lllity  illll\tl;llc(i

ill fi[:tltc 2. 1 .
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111 l:it(!l  Wolk, l’l:!tt ( 1 9 8 6 ) ,  l’ctclsoll, C( :!1, ( 1 9 8 ” / )  :Ill(i l:lt(’I l’l:!t( all(l

S: ItlIycl  I(ll:IrI:IilI  (1988) lIII\’d JI]()[I(Iscd  tlI:It  tlIC (Icsclij]tioll  of ],ll(~tos>llltl]csis  lIl(I\’i(lc(i  l)y

tll(’ ‘4(: lIIctl  Io(i IIC usc(i to cstill]:itc  tlIc ])li]ll:lly  ]Iloduc[ii’i(y of llIc ]Il:lrlkt(lllic  C()]ll]illlliity

ill tc~IIIS  o f  tlIc illcidc]lt  iila(liollcc ficl(l ill tlIc sc:I, ‘IIIC f(lllllu]:ltioll  lIy l’l:tt( :~tt(l

S:ltllycll(ll:{ll:~tll  (1988)  ulili7cs  llIc ]J:ilIIIIIctcIs  o f  tlIc ~jl(l(lilctivi!y  vc]sus il]a(ii:tllce

Icl:ltiol]sl]i[),  tlIc l]io)ll:iw  lloIIll:tli7c(i  iIliti:il  Slolw, o 1: ,  :il I(i tl)r l)i(~lllass  llolIll:ilivcd

1:, [() (i(.s~*j[~~  1}1~ ]Itjlll:ily  J,](,ciuctivi!y.Ill[i  Xilllll  Ill JJ]lot(lSy  Ilt])C.Si  S, ]’1,, ‘J1iis  aI~~IIo;iclI  uses

it f:c]lcl:lli7(’(i I]iolli:tv  ]Ilofilc to (icscl  ilm llIc.  V:lli:ltioll  of tlIc cl Ilo Iol JIIyll  l)i(]rrl:iw W’itl]

d(’])tll. ‘1’lIc. il]adi:~llce  fic.l(i  i s  C(lllll,ll[(’(i  fl(]l}l  tlIc Vcllic:li  (iistlil,lllio]l of tiIc

cl IloI(~I)l  Iyll I)iolllass. ‘] ’tl C J):ll:IIIICtCIS Of tlIC ]I]l(ltosyllt}jcsis  - ilj:r(ij:!llcc,  lc,]:lti(~]ls]]i],

:Itc (i C.]i\reci flolll lw:Il 01 IC[:i(]rl:!l  klI(Iwl C(l~,c. lI:I\c(l (III }11 sit(l  do la,

A  IIlccli:!llistic  lcl:iliollsllil, lwt\Is’ccl  I IIlatille  j]lilllfity  IJi(l(iuctioll  atI(i tlIc f“llIx o f

:tl]s(lll]c(i  j:l(ii:{llt  CIIC. Ipy lIas [WCII  cicsctil]cd [)y Y, icfct :III(i  hflitc}icll  (1983)  [I II(I l)Y

C’ollitls,  et al. (1988a) l)y IIIC C(lll:lti(lll,

IIC’(J,7)  : (L(7) :i(A,7)  1:()(A,7)  , (2- 1)

\\’l  IcIe. II C’(A,2)  i s  tlIc Ititc  of I]lo(iucti(]li  it] :111 Ol]tic:illy  I}lii] sus~)c.llsioll of

I]}]y(()])]alll;t(lll  al)soll)illf: li[:l,l  :It v,wvclclI[:tlI  J. ‘lJIC  al,s(,l~~ti(,ll  cocfficiclll  fo] llIc c e l l

slls~]cllsi(ljl  :)1 Ili:tl \i’a\rCICII[:tl  I, a(A,7),  \atics  \fitl,  Cl,:il,p,cs ill  tl,c si7c o f  [,liyt(,l,l:!lll:t(,*l

Clol), \\’itll tlIC  Sl]ccics  collll]ositioll”  Of lIIC t]llyto~)l:tllklc]ll  :111(1 V’itll  tlicil l)llc)tc).:l(i:li]tc(i

;III(I  Ilullic.llt  S(atcs. ‘J’IIC irlci(ic.llt  illd(ii:t]l  cc, IC,(A,2), ilills(t:ltc(i  ill fi[:iltc 2-3,

V:llics with tlIc ]~1 Iotol I flux (ic]lsily :\l Ici ~:co]llcttic  (Iistlil)tlti(ltl  Of li~,lil  illci(icllt  u] Io]I

tllc Sc:I  Sulf:!Ce,  tlIc 121[C. of titlcIlunli(Jll  o f  Ii[:Ill  v.’itll cicj]tll c: IIIsc(i  l~y al]sol~)lioll  :III(i

scattc]itl~,  witliill  llIc \\wlcI C(IIUII  III, all(i !(1 a ICsscl  Cxtcllt,  Otl Sca Sta(c. ‘JJIc I]l(](iuct

6
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‘ J  lIc }Jllc~tcJsyIltl]ctic  yiel(i,  ~1(7), cx]IIcssc(i  :IK c: IIlmlI  f i x e d  by iJIIo(myIItl  Icsis lICI

],1101011 alxioIl,C.(i,  lIas bccII follllul:ltc(i  by K  ic.fc.i :III(i hlitcllell  (1983)  :Is a fuIlctioIl  of tlIc.

iltci(iclit ii]:i(li:tll(x. l:i(iif;:ilc,  cl al. (198”/) alId ~’olli]ls,  ct al. (19883) lI:Ivc

ICfolllllllalc(i  llIc \)l]otosy]l tl]ctic”  yicl(i  ill tcIIIIs of IIIC.  t)ilotosyIltl  ]ctic:lily” usable

jtIa(ii:lllcc., 1:1),)1(7),  cicfillcd  ill (>c!uatioll  2-4. ‘l}Ic  II IaXi II IUIII  ]Jllc)tos}~lltllc.lic  yicl(i,  :tl l(J\\F

illci(icl]t  ilI:idi:~llcc.,  al II Ic:IIs to bc Icl:{tivcly  ill[iclwll(lcllt  of  wtivclcllp,tl]  alI(l  s~wcies

(cf. h4(]l cl, 19”18), bul IIIay valyv’it]]  IIutlicllt :~t’:til:tl)ililytitl(l  tcl]l~)clatulc.

Stu(iics  o f  p,low(lI al](i lifillt  at,$oll,ti(jll  \l,’itlI Colllilluous cultulcs of IIlalillc

])llytolll:lllkt(lll IIavc dcIIIc)lIs(I:tt(.d  lll:tt  (liffc]c Iiccs ilI ccllulal ]Ii~IIIc.11(  Collcc]lttatioll”

cffc.ctcd l)y ei[hcI Talcs of  llutlicIlt sut)l)ly  (I1 I)llotoll  flux (Icllsity  :IIe closely t i e d  to

(Ii ffc]cl]ccs  jll filowtl]  late.. Suc]i  (jbsclv:ili(]Ils  lI:Ivc  i)IOIlll,tc(i  l~u’s  ntI(l ll:~llllis[cl  (1$)80)

:111(1  ]< ic.fcl aII(i hflitcllc  .11 (1983) I(I jII(IIKISC  a sillll)lc  nd:il)t:~ti(]ll  of c([u:!tioll  2. 1  :Is a

f(,lllllll:ltioll  of  tlIc lcl:ltiollsl,il)  tJ~t\\’ccII  St,ccific  [:1 Ov:(lI late  2ilI(l llIC ltitc  Of li[llll

[\l)SotljtiO1l”  by tll C j]l]yt(l~)l~likt(lll CIOi J,

wlIclc (1{ -1 t) is tlIc SUIII of [he Sjmcific  l:ltcs of [:lowtll, 11, ICsl)ilatioll,  1, al](i  1/(’

:~i,(~,~) IC)(A,7) is lIIC IHIC o f  cc.llulal  li[:lll  :lbso][]tioJl  llollll:lli~c(i  to ccllul:IJ

Cal 1)011, ‘1’]Ic lot:i]  ])]]  CItoS)rJlt}lCti  C Ialc of t]IC ccl]  Sus[)cllsioll  is o~)tai]lc(i  by

illtc~,  J:ltillp,  C(!llatioll  2’- 1 Ovcl l}Ic visil)lo  s]wctl:tl  lc~,ioll  Imtwce.11  400 11111 :il I(l “/00  ]1111,

dcfitlcd  by tlIc al)sotj)tioll  by ]Illotosylltllctic”  j)if,]llc]]ts  :Is tlIc ]c~iol] fol

I)]l(ll(]sy]lt]letic;l]ly  avtiil:~l]le Iadiatioll.



!,

III tlIc C:isc  of li[:lIt  -  lilliitcd  p,lowll  I, (lcc Ic.ascs  jtI (11 + 1) \\’ill  lx accollll)ollic.(i

b y  ilIcIc:Iscs  ill ccllulnt  :~bsc]ll)li(jl)  c-Ioss. Scctioll. \\’llil(:  this for;llul:itioll is su[IlmI(c(i

by a ]IIIIIIIJCI of tllc stlldics u’ith c-(~rlti)luolls  Cultulcs  (c-f .  1 .aws :IIIci  l::il)l[istel,  1980),  :IrI(l

is Cwllsistcllt  with tllc II I(dcl of’ l<ytl Ict atIci YcIItscl  I (195”/), it ]Ias IIot bccII sllt)jcctcd  to

c.itllct  lip,o)olls  tcstillp,  ill tho f i e ld  01 tcstillp,  witl I a lIUIIIbCI of (Iivclsc sl~ccics  o f

l,ll}~tol]l:{ll};tc)lt.  I f  this follllul:ltioll 01 a Silllilti] oIIe. is ~)lc)vcII  cc) II Ccl,  tllc Iiilk

l,ct\vec]l  tllc Ol,tical  ~,loI,c.ltics o f  sc:twwtc~  alId tllc dyll:llllics  of tljc I)lallktollic  COllllllllJlity

Of tl]c uI)tw.I  occalI will Ix Cst:tblisllcd.

‘1’IIc  ]liC)Clcl  cIcscIilIc.ci jII eqtltitiol]  ? -  1 v~~s fjIst dcsc]ibe(i  by K ic.fe] aIICl  h4itcllcll

(1983) ilI tcl]ils of  tl,c l]l)c~t(~sylltlictic:~lly~  avail:tblc.  ilIdditillce, 11):11(2),  clcfilIcd a s ,

1:1)4,(7)  = wof’’(’o  I: C,(A,7) ci~ . ()- 3)

C’c]lliIls, et a l .  (19880) lIavc  ]Ilmiific(i  t}Ic O]ip,i]]:ll  ]IIdcl  to iIIcludc  tllc dc~IrlIdc  IIc-c of

tl]c  ~Jl]otosylltlle.tic  yield alIci tllc  fI, Iow(l I :111(1  ]cs~~ilatioll  CIII tl]c ~)l]cltc)sylltlletic:llly

us: IIIle i~IaciiaIlcw, J:[J1ll(Y),  clcfi]leci  by h~c)lcl  (19”/8) as tllc al IscJIbd ]aciiallt  CT ICI II, Y, the

]]l(~duct  o f  tllc Slwctlal al]s(]IJ,tioll  C(wfficicjlt, 8( A,7), :1]1(1  tl]c Scalal  j]la(liallcc,

I: C)(A,7). ‘I’l, us,

l:r),,, (z) = mroo {:l,)(A,7)/ti~, (435,7))  1“O(A,7) CIA , (2-4)

“l”lIc IIIocicl  of I)]i]ll:i]y  J]lo(iuctivity by (’ollills,  et al. (1988a) lIas bccII usc(i  to

COIIIt  Inlc  lIIc.{ISul C(i alICi  cstil)latc(i  values  of ti)c w’atel - COI(IIIIII  illtc~,latc(i  ]Ilillla]y

8
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l)loclu~tivity ovc.I ]aIfI,c lep,ioIls  of tlIe l!’ollci>s  occalIs will]  favorable ICslllts. “J’lIcx

Cstilll:jtCs  do lIC)t :I]I~)Cal  tC) (l OIICll(l  (JII rcfliol]al  01 Scasollal  factols. ~Jsitl~  a sil]]il:t]

II I()(i Cl, IIiciif,aie, Ct a l .  ( 1 9 $ ” / )  IIavc Csli]llatd  t}Ic vcIlical  distlitjutiol]  of [)IiII}aIy

JJlc)cillctiv.ity  ill the wate~ r_c)lu InlI Llsitlf, tllc almI t)tioli  Cc)c.ffiCiClits  al)ll~cl~)l i:ttc (0 tlIc

illciiviciual  ]Iif,llionts, Cxt]actui  frc)l]l  ~tI s i t u  saIII~)lcs  o f  tlIr2 [tlIJ’tc)])l:iIIktolI  lKl~]ulntiOIl  b y

hip,h- imr for)llallc.c.  ]iquicl  clllc~lllat[)~,l~t]~lly  (11}’1  .(:) tm},~li(lucx, to clefillc  the CCllulaI

:Ibsc)I I]tiolt  cc)cfficicllt.

AltlIoup,lI  IC)[A,Y) is tllc  ~,lilll:ll y  focus ill t h i s  clla])tel, the absc)l IJtioll  riIId

scattclit)p,  t)jol]cltics  of tllc v.’atcl  cmlu IIIII, a(~,7) alId tl(A,7), w i l l  k C.c)llsidc.lcd  ill

detai l  tw.causo  c)f their l)lilila~y  in flucllce.  olt the st]uctule. of tllc  scalal irlacliallm

field ill tlIc. occ.aII.  IJcfitlitic)lls  of tile  o~)tical  lCIIIIS call  be. fotllid  iII JC.IIC)V (1976) aIIcl

ill Mo)c] aIId Snlith (198?) ,  allcl moIc clctailed ailci cc~rlll)lcllcrlsivc  (iC.scIi~)tiC)lls  of tlIC

~l])ysi~s  c)f ]i~lit tI:lllslnissic)II  on tllc Lli)jmr c)ccxrlI call  be four]ci  ill .lCllov  ar)d Niclscll

(19-/4), l’lciscllclolfel  (19’/6), l>ulltlcy  (1963), Austil, allcl l’ctzc)ld  (198 J), K ilk (1986),

Sic~,cl  allci IJickcy  (198-/2,1)), Sl],itll  arlci l!akeI (19./8a,  b) ar]d N40?CI,  ( 1 9 8 8 ) .

Abso]l)lic)l)  all(l Scattclill~: in ilIC \\’a(c  I <: C) III II III

‘J’}IC  plopap,atic)ll  C)f lip,ht tlllou~,l)  tlIc v. fate.l Cc)lulilrl, as  illustlatecl ill fip, u~c ?-

3, is a co II Il)lcx plIcIIc IIIIclIc)lI  that i[lvolvcs tllc iiltc.~actio]l  of two lI:c)ccsscs,  :Ilxc)I  ~Jtiol)

:11 I(i Scnttcrillfi.  l.i~,}lt  tl]at  i s  il)ciclcllt  oiI the sea Su]fiicc  COW)CS  cii~e.ctly flolll tl)c Surl

C)l flolll tile sky wllclc it lIas bccl I Scattcl  cc] by tllc  atlilos[~llc.]e.  “1’IIC lcms of lacliallt

C. IICISy by :Cflcxtioll  a t  the sca sulfacc  is slllall  exccI]t  at IC)W SUII al IfI.lc.s.  ‘J’hc Iadiallt

c{ IcIp,y Cl)telillf,  the watt.1 Cml UIIIII is attenuated with clcf)th acxoIclillg  to the absol[)tiol)

and scattcrillp,  l)lopclticx  of the watt]  itself .aIIci of tl]c sus~mr  Icicci alIci clissolved



1, 1,

II Iatc.lials,  i]]clu(lillp,

o] f,al]ic  ]llritc.l  ial.

~)hytos)laIIktolI, ]}icc)~)la[lktor~,  bacte.t ia alId  cic.lt ital atlcl  d i s s o l v e d

“J’lIc c)pticrrl  ~)Iolm.I tics  c)f the wlrte] cc)lu II III Iliay  be cic. fil]cxl itl telIlls  C)f tl]c

il]llc]cnt c)l)tical  ~llc)~]c.lties  c~f alxcll~]tiol], a(A,7), aIId scai(clillp,,  b(A,7) ( c f .

l’leisellcic)lfel, 1976 allcl h401el  and l’]icul,  197’/) . ‘J’hex ~]rc)pcltics  Cicsclibc  tile

f]actic)]lal  lc)ss f]c)m a tlniciilcwtic)lml  flux of Ii[:ht  by absc)]l)ticlrl  ol scattminp. c)vcI a

ul]it  clistatlcw,  anti clo lIcIt cic.lwncl  OII th~ ]aciiancx distlibutic)n in t h e  water.  l:ach o f

the illhclc.]lt  optiml p]c)pcItic.s  ]I]ay bc dcsclitmcl  ill tCIIIIS of the individual  colil~mllcllts

c)f the watt] CC) IUIIIII,  I)UIC wrtc], the Ilhytc)j)lanktcln  C) I

dissc)lvocl  Cc)mpollellt,  as

rI(A,7.) =  aw,(~) +  a1J~,7) + aclo,7)  ,

1)(),7.) = 1),,,(2) i t@,7) +  tldo,z) .

lkwauw  the palticulatc anti ciissc)lvcci  cc)IIllmllCl]ts  vaJy

watcl  cmlumn, wllilc the contribution by pule,  water

vaIy with clepth a]lci cause  valiatic)lls  ill !1112 subma]ino

pal ticulate  conl~IoncIIt  allct tllc

(?- 5)

(?- 6)

ill cc)llccfltlatic)ll  thlcluf,  hout  tllc

]clnail]s  Cc)]lstant,  a(A,7)  and t)(A,7)

li~l]t  fidcl.

‘1’IIc  attc]luation  of li~ht by at~sc)rptioll  is a ]-clativdy simpl~  I)rocess i]) w h i c h

tl]c Clmttoriiap,llctic  Iactiatio]]  i]ltm acts witl]  absc)]bitl~  Iilolcculcs  (su~h as  watt]  c)]

~)if,nicI]ts) and is coIIvcl tfxi into othcl fol liiS of CIICI~y a s  SU~,p,CXtCCl by fi~urc  ?-2.

Sillcc the flux of lip,l]t  ahsolbccl  by water, allcl by SLISPCIICICC1  and ctissolvccl  n~atc]ials,

vaIj~s ~,jt]] wav~]~]lf,t}l, thjs ])IoCCSS  ~a~lscs  Ch211p,Cs  ill IIIC slwclral flUX clensity wit)]

dc]lth in the submalinc  lip,ht ficlcl.
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‘I”lIC  rittellualiol)  of ]ip,ht by scattel iII~ is  cause.ct  by the ilitcractiol]  of

Clcctrcjmafinctic  la(iiatiol] wittk nlOICClllCS or ~ml ticlm ilI u’hich b o t h  tl]c Ciircctioll  o f

i~loim~atic)n  alIti tllo  lIhasc o f  t}lc irltclactinp.  licht Iliay tm chal]f,d  as illustlatcd  ill

fifiurc ?-3. W h i l e  t h i s  I)roccss cicm lIot  cause a tlallsforli~ation or 10ss o f  ene]q,y,  it

c l e w s  Cause ellan~m ill the thlee  cii~ilcmsional  c]istribution C)f the li~,ht fic.tci tl~lclup,h  the

]IIOCXSSCX  of Mio allci l<ayleip,h  scattcli~]~ ~’hicl] cit2t Ic11ci olI tm[ticlc sim allci illcicx  o f

ICfl:ictioll. “1’hc Icsulls  of botl]  Mio an t i  Raylc.if,h  swttmill~  tlIcc)I y (cf. lloI II a n t i

W o l f ,  1965 a n t i  vail de llu]st,  1983), illustl:ite  t h a t  fo~ [Iatticle  clialI~cte.rs

si~llificalltly  lc.ss tl]an tllo wfivelel]~tll, ci <{ ), Raykip,h scattminf,  i s  nearly  isot]o~lic,

1  ‘C) I ~)al ticlcs wjtll a  ciian]ctcr  ~,]eatcr than tllc wavclcnp)t}l,  d  n A, hdie. scattc] illfi

1)1 Cxlicts  a l:IISC fol warci  .scattclinp,  peak  With Illil)illlal  backwalci scattcv  iIIS,  Scattcl-ill~

ill tllc sea is plcciomi]]atcly  ill small  fc]! walci anp,lcs,  a featulc that is tcl I>c C,xl)CctC.ci

if tllo majo) Cmlltributols  to the lIIoccss ate small  palticlcs  with ICfractive  iTl(iiccs

C]cm tc) that c)f watm. ‘1’lIcIc is a lat~c tmciy  cjf Cvicicnm  itlciicatiIlp,  that i]] CIIJC.11

watels,  t}lcsc palticle,s aIe t>ic)p,ellous, Cotlsistinp,  c)f l)}lytc)l]lallktc)ll,  Cictl itus, rind

I]cmit-]ly  other Coniponcnts  of the IilicIcj~)lar)ktol)ic  Coml]iullity,  such as hc.tc.lotrophic  allci

phc)tosyntlwtic  bade]  ia, allci rllic]ozc~c)~]l:il]kto]t. ‘1’hcsc t>ic)~cllic  palticlcs  alsc) account

for a lar~e amc)ul)t  of the v a r i a b i l i t y  it] both the absol[,tic)n  Cocfficiellt,  a(,A,7.), atlci

tl]e. scattc.lin~ Ccmfficicnt  b(J,7). ‘1’lIC uj)wcllec]  Iacliahcc, IL](A),  illustratcci in fi.p,ulc

2-3  ICsu]ts  flO]li the backwarci  scattclill~  flc)lll  tl~csc small pa~tidcs  irl t he  sea .

Scatlc.rinS  by malinc  j)articles(iis[~clscs  the lip,ht fic.lcl, itlclcasinp,  the

])lobability  of absoll~tic)n  c)f a ~]hotoll by illc~easill~  the mean optical patlilen~th  OVCI a

F, COIINtJk  Cicpth intcuv  al. III an o]]tically  hcJJIIogI,cnous II)cciiurl), the diffuse  Ilatulc.  of the

]if!ht fic]d i]l~l~as~s  With Ci(!~Jth  llIltil all asyJ1lj’)tC)tiC  iSotlor)jC”  distljblltjon  iS rc!a~hd

allci tllc  la(iiancw ciktIit~utioll  ~emaills  mnstant wi th  inclcasinp,  ciel~tll (cf. Kilk, 1986).

11



SillCc? scatlcrinF, by susjxncied m a t e r i a l s  va~ic.s  with wmvclen?,th  and par(icle  si7e.,  t h i s

pIoccss,  like absorption, causes v a r i a t i o n s  in tllc spcct~al  Clist[ibution  of t he

submaline  li~ht fidd,

Optic-rtl Properties of l’ure Water

‘1’hc  absc]lptiol]  coe.fficimt  fc)l puIe  sca watm, aw,(~), has been dcscribcd  by

Moid allci Prieur  (1977) and is s}lown  in fi~uIe  2-4 as a function of the wavelc~i~th.

‘jhis spectrum is characte.rimd  by latp,cr values in tllo Id pCII [ion of the slm.trum  tha~l

ill the b]ue, and a miliimal value ncal 465 ]Ilii. I n  contlast,  an absoli)tic)n  coefficielit

chaladoristic  o f  clissolvccl  orfianic matmial, acl(~), a l s o  clmcribed by  h~orel alicl l’ricu~

(1 97’/), is dalactm  imcl by lar~,c?l  values in tllc  bluo po]tiolt of tile  spectrum thalt  ill

the red,  as  i l lustrate in the salljc figule. ‘1’he total absolution Cocfficimt,  a(~),

p,ivml by cc[uation 2-5, is shown ill fip,ulo ?-4.

“1’he l<ay]ci~h scattc~inp,  of liF,ht by water molecules contributes nearly  eclual

a m o u n t s  to the, forwalcl a n d  badcwald  componmlts o f  the  scattcrinF,, bv,(~). As ShOWII ill

fip,ule 2-4, the value for the scattelinfi  c.oe.fficicnt  for watt]  varies little over the

visible ~e.p,ion of t}~e spcctl um. 7’}lc co]iibind  effects  of mi]iimal absorption in the blue

rep, ion and spxtrally  inclcponcie.nt  scattminp,  cause pure water to ad as a broaci  - band

blue filter. With incmasin~  depth,  led, yellow, p,lccn ancl fitlally the shoI ter

wave] emf, ths of bluc lip,ht a]c sequentially Iemc)ved until the spectral region near 465

nm plcciomi; lates.



‘,

O])ticril  l’roperties  of lliogcnous l ’ a r t i c l e s

in waters  frm of terrestrial or fluviai  influcmcw,  the major sou Jccx of

optical variability are the

paIticlcs  which may vary

At hi~hcr  concentrations,

Concentration of phytOp]allktOJl  anct associatd  Ctc!trital

by over three  OJ(iCJS ofma~nitucte  in coastal and open waters.

these palliclcs  Ctomiliatc  the absorption and scatte.rins  within

the water  column. l’or ~>}~ytol>larlktor~,  I]~ostof  tllcabsor~~tioI]  is by tllclj}lotosy]itl~ctic

and Ilhotoprotcctiw  pigments found  within the chlolop]ast. l’or c]cti  itus,  absc)lption is

causal by thcso same pigments and their  degraded forms.

MCaSLlrCJllC1]tSO  ftllCSl”tCCtla]  absolution plopcrtics  of marine particles have

bcm obtained l)ys~)cctro~ll~otor~~etlic  techniques (Ycntsch,  196?, Kicfm ancl Soollc)cj,  198?

and Kishino,  et al., 1984). l;i~,u~e ?-5 is all cxamp]c c)f the vmtical  ctist;  ibution  of

the me.a~i va]uc ofthc spectral absorption coefficient for Phytoplarlkton,  a[,(~),

obtained on the lliowatt  11 cruise i:l August, 198-/ at a staticjn  in the southcr:] Sar&rsso

S e a ,  ‘I’hcxe. ctatafrc)m  ~hambe.rlin  (1989) rc\-]Icscl]t  thcr]~callv[lltlc  of the. spcctlal

absorptioli  ccmfficient,  folmc!d b y  t]lc!  i]ltc~ral  crvor  wavc!le,nsth  of t]lc spcctlal

distribution for the chlorophyll ? specific absorption coe.fficicnt shown in fi8urc  2-6,

ancl i]lclicate  a stro]lf, sub-surface Jiiaximum  in the mean  absorption]] coefficient cauml  by

all incre.asc in pigment concentration per cetl  at low light levels.  ‘1’he spcctla  of

a*(A,~), shown ill figure  2-6, taken from the work of Chambcrlin  (1989), indicate that

the I)hotosynthctic  pip,ments arc a miajor source of particle  absorlltion  allcl p~c)viclcx

in fol-rnation  about  the concentration of pip,mcnts pm cdl as wcl] as the conccntl-ation

ofctctlital  material. In fi?,ure 2-6, the red absorption band of chlc)rc)phy]l  ~,

cmtcmct  at 676 JIJII, and the Sorct  bands c)f clIlcIIophyll  3 cente:cd  at 436 JIJN, and those

of phae.ophytin 3 ccnte.rd  near 418 nm, reflect the sumJIIcd  concwitrations  of CIIIOIOPIIYI1

13
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fr and phae.ophytin  3. Ilcriv:itives  of the absc~tption  coe.fficie.nt  wi th  respec t  to

wavclco~th,  shown in figure  ?- 7 f~om the. WOIJC of h4c]r]ow (1989), have bceII used to

estimate  conccmt~ations  of chlo~ophyl!  a, l), and G (I;aust a n d  N o r r i s  1 9 8 2 ,  IlidiSare,  Ct

al., 1988 and Mortow, 1988). “1’hC top ~)aIIc.1 of fip,urc ?-7 illustrates a representat ive

phytoplaIltctoIl  absorptiotl  coefficient spectrum. “1’hc lower panel illustrates the results

of a fourth -de.rivativc  analysis which exhibits scvmal of the }]rincipal  ccllulaf

pip,mct)t  cornporlents. Vcrifimtion of pigment ictemtificatiorl  usirlg high performance.

liquict  clIIc)r~\atog,raJ>hy  (Ilidigarc,  et al., 1988)  has  pcrmittrxl the use of ctmivative

tcchlliqucs  ill this analysis of in situ sp~ctra] data,

‘1’ho p,cncra]  f latness of  the spectra and the e.nhancwt absolptiorl  in the b]uc

rep, ion of these spcctta  relative to that in the Id whm comparccl  t o  l abora to ry

cultures, indicates that cte.trital  pi~mcnts  arc also irrrj)ortant  contributors to

absorpt ion it] the sea. “1’hc lclativc  contributio~ls of  tllc. phytop]antcton  a n c t  cletrital

Cc)nlponcnts  to the particulate atxioiptioli spectra have bccm studied usirlc  mult iple

rep, ression analysis to decompose the spcztra. ‘J’his techniclue is illustrated by the,

work of Morrc)w,  et al. (1989) showrl in fi~utc  2-8. }’igute 2-8a shows the spectral

distribution of the total pal ticulato absorption spcctt uJn tog,cthe,r  with the derived

compcmemt spectra. l:igurc  ?- 8b illustrates the regression be.twccn the chlorophyll ~

concentration ancl the particulate absorption at 440 llrn. ‘J’hc open circles represent lhc

t o t a l  a1~(440) and  the filleci  ttian~lcs  replcwnt the cle.cornposition  t o  the phytopla)lktoll

cornponcnt. ‘J’his technique has brxn successfully ctcrnonstratrxt  to provide a rncasurc of

the cictrital  fraction from in situ samples.

Analysis of field data indicates that absorption coefficient spectra, ar)(~,~),

from pal titles colle.ctcxt  from the uppeI mixed layer and from below the chlorophyll
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m a x i m u m  most often appear  to be enric}~ccl  in de.tlitzl  pigments,  while spcctla  f rom

particles collcctrxt  from wrtcrs of intermediate depths  sup,gcst  lower contributions

from cictritus. It is possible that the inmeasccl  amount of ctctrital  pigments within

the  mixd layer

o f  Snlall  ctctrital

re.lativc t o  irltexmcctiate  depths  i s  caused by higher  rates o f  proctuctio~i

particles by r~~icrc)z.ool}lallkton. “J’he ctct[ ital pi~n~cnts produced by

glazing,,  irmlucting  phacophytin  3

p h o t o - o x i d a t i o n .  In the aphotic

phytop]ankton,  cte.trital pigrrlellts

and  phaeophorbidc  ~, may be further altered  by

~.one, whero there  is no local production by

must be supplied by cgcstion of vertically migrating

herbivores, or

“1 ‘h e

the breakdown of sinkinp,  fecal pcdlcts.

absorption coefficient for a suspcnsiorl  of particles of unifolm  sim and

op t i ca l  prope.r tics, may be cicscl-ibecl  irt terms of the efficiency factor for  particu]atc

absorption, Qai(~),  as,

WIICIC N] is the concentration of the par ticlm in the

g,cornctrical  closs-section  of the individual particle.

of the inciclcnt li~ht  beam that is intercepted by the

(2-”/)

suspension rrncl  (3i is the
,.

‘] ’he product N]G1 is the fraction

partic]c  suspension over a unit

path lcnp,th. ‘J’IIC  efficiency factor for particulate absorption, Qai(A), is cicfinccl  as

the f~action of light incident upon the particle that is absorbccl  by t}~e pigments

contained in the particle. I:or the. case of a spherical particle of uniform pigment

c o n c e n t r a t i o n ,  Qai(A), is a function  of the palarncter  p(}) =

cicIisity  of the particle alcm~ the central ray, whe.ro acrl)()),

for the cellular pigrncnts (cf. van de llulst, 1983), is related  to

acm(~) cI, the optical

the abso~ption  coefficient

the ima.ginriry part of

the refl-active inctox,  and is a function of both the concentration of pi~rnents within

15
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the particle and the mole. cula~ absorption cross-sections of the pi~mcnts. ‘J’hc

behavior of the efficiency factor for particulate absorption, is  illustlatcd  in fi~uro

2-9,  where Qai(A) is shown as a function  of p(~). “J’he va]ucs  o f  Qai(A) r’an&e bctwCcn O

for a nonabsorbing  particle and 1 for a particle t}lat absorbs all light that it

intercepts. A s  Qal(~) incrcasm, the absorption spectrum tends toward a

as discussed by Morel and ]]ricaud (1981), IIricauct,  Morel and Pricur  (1983)

et al. (198 S).

“J’he scattering Cocfficicnt  for a Suspension of particles of uniform

white spectrum

and Collins,

sim and

optical properties, may bc described in terms of the efficiency factor for particulate

scatterin~,  Qbl(~),  according to the expression,

(?-8)

W]ICIC the efficiency factor for Scattcling,  Qbi(~), is cte.fined as the fraction of the

flux of light incident on the particle  that is scatte.re.d.  “l’his factor is the

ctiffere.~icc  betwmn  the efficiency factor fol attenuation and the factor for

absorption, Qbi(2) = Qatteni(~)  - Qai(J)  a n d

thcoty  (cf. van de ]Iulst,  1983, Dorm and Wolf,

may bc ca]culatcci  from Mic scattering

1965 and Kirk, 1986) as a functio]i  of

the phase shift of light propa~ating  along the central ray of the particle, p(~),

defined in terms of the particle  sin and the real and imaginary parts of the

refractive index.

l;i~urc  2-9 shows the behavior of Qatteni(A), the efficiency factor for the

attenuation of a beam of light through processes of absorption and scattering by

partic]cs,  l(or nonat)sorbing  spheres this factor bccorms  the cfficioncy  factor for

16
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scatterin~,  Qbi(A). F’or particles that arc small or have incticcs of refraction that

arc C1OSC to that of water,  the phase shift is small, and Qt)i(A) approaches O. l;or

increasing Va]ucs of p(~), Qbl(~) asyIilptotical]y approaches the Va]uc  of ? indicated in

figure  2-9. ‘J’he oscillations in QtJi(A) result from the scattering of light into small

forward angles by intcrfcrmcc  and cliffraction. Since the relative refractive index c)f

marine phytoplankton  cells  has been found to bc in the range of 1.03 to 1.J 5, onc can

estimate the efficiency with

by estimating the value of

which biogenous particles of cliffcring  sizes scatter light

p(~) (c f .  IIricaud,  hfiorcl a n d  Prieur, 1983).

In seawater, the suspcnctect  particles are a diverse assemblage of planktonic  and

bacterial spc,cies, cictritus ancl inorganic material. “]’}le Corltrit>utiOn  Of this

asscmbla~c to the absorption of the medium is represented  by the sum over all particles

of the products shown in equation 2-7,

al,(~) ~ > ;i Ni C;i Qai(A) . (2-9)

Variations in ap(~) are caused by changes in either the geometric cross-section of the

particulate suspension, (Ni Gi),  or in the optical efficiency factor for absorption,

Qaio), because of variations in the pigment concentration. l;or phytoplankton,  the

cellular concentrations of pigment may vary as a consequence of photoactaptation  anti

nutrient supply. ‘l’he variation in cellular pigment concentration with cellular

ciiamcter is shown in figure 2-10 from the work of MOIIOW (1988). “l’his  figure

illustrates the importance of the increased pigment density, anct hence acnl, for smaller

CCIIS and their  relative contribution to the absorption properties of the water column,

IIecause of the considerable diwmity  of marine particles and the corresponding

difficulty of examining individual marine particles (cf. Iturriap,a, et al., 1988 and
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Morrow, et al., 1989), application of equations 2-7 and 2-8 to marine optics have been

very limited.

Measurements with electronic particle counters shown in figure 2-11 (cf.

Z,ancvelcl  and I’ak, 1979) illustrate that for the upper waters of relatively large

geographic regions, the particle size

the numerical concentration, N i, of

ciecroasing  ciiamcte.r  acco~cling  t o ,

Ni(dj)  = A (di)-~] .

distribution remains relatively constant, with

particles of a given diameter, di, increasing with

(2- 1 o)

In this formulation, A and 11 are empirical constants. I’or particles larger  than 1 pm

in equivalent diameter, values for the total particle load, rcprcscnted  by A in

equation 2--10, vary by over an order of magnitude while the values for the slope, B,

remain relatively constant between 3.5 to 5 with most values C1OSC to 4. JIecause  the

value of the geometric cross section of a particle, G i, increases as the square  of the

diameter and the concentration of particles, N’1, decreases as the inverse fourth POWCI

(11=4), the fraction of light intercepted by particles of a given diameter, (NiGi)  will

incrcasc,  for decreasing particle size, as the inverse second power of the particle.

diameter. “J’bus, as the particle diameter dccreascs,  (NiGi)  increases together with an

with an increase in pigment density, as illustrated in figure ?- 10. “1’hereforc,

particles with diameters less than ?0 Im are often the major  contributors to the

absorption and scattering of light in scawatm.

18



‘1’he difficulty of measuring the inherent optical properties of seawater occurs

in part because of multiple scattering of photons. ‘I”hese  problems can be circumveritecl

with a submersible transmissometer  (cf. Bartz,  2,aneveld and Pak, 1978), an instrument

dcsi~ned to measure the loss of light from a collimated beam. ~’he I,ambert-lleer  I law is

used to calculate the beam attenuation, c(A,z), the inherent optical property that

describes the fractional losses of a beam of light as it traverses a unit distance (cf.

fi~ure  2-3), as,

C(A,7.)  = exp { -3’(A,7)  ) , (2-11)

whore 3’(A,z)  is the transmittance of the beam of light at a specific wavelength,

calculated as the ratio of the detected  to the inciclcnt radiance, over a specific path

length. IIccausc 10SSX from the. beam are the result of absorption and scattcrin~,

these losses may be described as the sum,

c(A,7) =  a(A,7.)  +  b(A,z.)  . (2-12.)

III terms of the efficiency factor for attenuation described previously, the

beam attenuation coefficient for an assemblage of particles becomes,

(2-13)

At appropriate wavelengths, the beam attenuation coefficient, c(A,7), has been

found to covary with the concentration of particles in the sea. I;igure  2-12
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illustrates the dependence of the particulate concentration on the beam attenuation

coefficient, c(665), for sarnplcs  at various depths within the euphotic  zone at a number

of stations in the northeastern Pacific. “l’he covariation observed indicates that both

the distribution of particle sizes, Gi, and the efficiency factor for beam attenuation,

Qatteni(~),  do not vary significantly over this geographic region, ar~d therefore the

value of the beam attenuation coefficient provides a good measure of particle load or

particle concentration, Ni, as illustrated in the figure.

Studies of the relationship between c(},z) and in situ. fluorescence of

chlorophyll ~ in the upper water column (Kiefcr ancl Austin, 1974 and l,ieberman  et al.,

1984) have shown a general covariance  of c(660,7.) with chlorophyll 3 concentration as

illustrated in figure 2-13. A closer examination of the variance in the relationship

between the. concentration of chlorophyll EI and the value of c(660,7,) in figure 2,-13

indicates that values of the ratio c(660,  z) / chlorophyll ~ tend to decrease with depth

because of photoadaptation  of phytoplankton. F’igure 2-14 illustrates the ratio of

c(660,z) / chlorophyll LI plotted by K iefer (1984) as a function of the optical depth

for rncasurcments  made in the northeastmm Pacific. Within the depth profile of a

single station, three distinct depth intervals are apparent. In the uppermost part of

the water column, illustrated as region 1 in figure 2-13,  values for the ratio are

maximal and constant, as illustrated by the constant values shown in figure 2-14. ‘l’his

is the depth interval of the upper mixed layer where light levels  are highest, and the

absorption coefficient of the particles is smallest relative to their  scattering

coefficient, In the depth interval below the mixed layer,  increasing depth leads to

large increases in the absorption coefficient of the particles relative to their

scattering coefficient, causing a decrease in the ratio c(660,7)  / chlorophyll ~. ~’his

region of change in the optical properties of the particles, shown as re~ion 3 in
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figure  2-13,  extends to the bottom of the. euphotic  zone, Kpar2,e  = 4.6, Unlike  the

mixed layer, rates of vertical mixing appear to be sufficiently slow below the euphotic

zone that the ratio remains relatively constant with depth, leading to region 4 in

figure 2.-13. V’his pattern is remarkably similar for coastal and open ocean stations in

the northeastern Pacific and is most simply explained by increases in the pigment

concentration of phytoplankton  growing at lower light levels. Within the mixed layer

rates of vertical mixing may be more rapid than rates of photoadaptation  so that the

optical properties of the cells and associated detritus are uniform within the layer.

IIC1OW the mixed  layer, rates of vertical mixing may be slower than rates of

photoadaptation,  and at the bottom of the ouphotic  zone, low light adaptation is

complete and further increases in the cellular concentration of chlorophyll @ with

depth  may not occur.

‘1’he  S c a l a r  lrradiancc  Field

~ornbining  the processes of absorption and scattering, the exponential nature of

light attenuation within the watm column is dcscribccl  by the I,anlbert-lJeer Law,

z+dz k(~,()  (if ) }F, O(A,Z+ dz) = Iio(A,z) exp -(ZJ (2- 14)

where, ILO(J,Z.) is the spectral scalar irradiance  measured with a sp}~crical collector.

ko,z), the attenuation coefficient for diffuse irradiance  between depths z and z,+dz.,

is an apparent opticai  property of the water  because its value depends on the

absorption and scattering properties of the seawater and on the radiance distribution

of the light field (Preisendorfer,  1976).
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A more useful description of the scalar irradiance  field at depth can be

cierivcd  from the Gershun  equation describing the downwelling  irradiance,  ~d(~,z)

(cf. Kirk, 1986),

where ~;d(~,Z) is defined as the light vector normal to the ocean surface which

incorporates all light propagating downward from the sea surface. It is this light

field that is normally measured by optical instruments in the sea. “J”he  behavior of the

downwclling  irradiance  field with dc.pth  is illustrated in figure 2-15. In figure 2-

15a, the vertical profiles of the photosynthetically available irradiance, EL}ar(z) are

illustrated for uniform concentrations of pigment throughout the mphotic  zone. In

figure 2.- 15b, the spectral dependence of the downwelling  irradiance  is illustrated for

Jerlov  ~ase  I waters with a pigment  concentration of 5 pg/1, demonstrating the

exponential nature of the specttal  irradiance

]n equation 2-15, ~~(~,z.), is the

for uniform pigment concentration.

average cosine of the downwclling irradiancc

field, a dimensionless parameter that describes the effects of changes in the three

dimensional distribution of radiance at depth, defined as,

the ratio of the downwelling  irradiance, ~;d(~,Z) tc) the downwelling  scalar  irradiance,

~iod(~,z). ‘J’he reciprocal of the avmagc  cosine, ~ld(~,7)-  ], is equa] to the m e a n
---

pathlcngth  a photon travels over a unit distance normal to the sea surface. ~’he

Gcrshun  approximation permits the description of the inverse of the average cosine of

22



the scalar irraciiance  field as,

- ] == kd(~,z) / a(~,z) .;d(~,~) (2-17)

Measurements of the average cosine of the scalar irradiance  ficlcl  at a given

wavelength indicate that its value undergoes relatively small changes with depth as

indicated in figure 2-16, where  the average cosine for the total irradiance  and for the

downwelling  irradiance  are plotted as a function of the optical depth for the

downwelling  irradiance  field.

1“’he attenuation coefficient for the scalar irradiance,

I+@) = 1 / ~o(~,Z) dEo(J,z)  / dz , (2-18)

k an apparent optical property of the medium, depending in part on the diffuse  nature

of the light  field (cf. Baker and Smith, 1982, Kirk, 19S6, Siegel and Dickey, 1987a,b

and Morel, 1988), but is determined largely by the composition and concentration of

material in seawater. As an increased number of field  measurements of spectral

irradiance  have been obtained, the spectral character of the relationship between

photosynthetic pigment concentration and k(~,z) has been better defined. Morel and

Prieur  (1977), Smith and Baker (1978a), Baker and Smith (1982) and Prieur  and

Sathyendranath (1981) have all described the contributions to the spectrum of k(~,z)

from pure sea water, the biogcnous components, particulate detrital  material and

dissolved organic compounds in the sea. Although not rigorous, the diffuse attenuation

coefficient, ko,z), may be attributed with quasi-inherent optical properties (cf.

Prcisendorfer,  1976) because of the weak dependence on the geometric distribution of
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the irr’adiance field, and may be represented by the sum,

k(A,z) = kw(>,z) + kp(~,z)  + kd(~,z) . (2-19)

~’he diffuse attenuation coefficient for pure water, kv,(~), derived from the data of

]]akcr and Smith (1982), is shown in figure 2-17 in comparison to the value Of kp(~) for

particulate material. In this figure, k~)(~,z), derived from Morel (1 988) and described

in equation 2-20, is characterized by a red attenuation band for chlorophyll ~ and a

broad blue attenuation contributed by the supcrpositioning  of the Sorct bands of

chlorophyll a with bands for the accessory chlorophylls and carotenoids,

Austin and Petzold (1981, 1984), Baker and Smith (1979, 1982) and Morel (1988)

}Iave described the diffuse attenuation coefficient, k(~,z), in terms of the coefficient

at a particular wavelength, k(490,z),  or in terms of the pigment concentration in the

water. In the latest of these papers, Morel (1 988) has described the spectral diffuse

attenuation coefficient by the equation,

k(A,z) = kw(~) +  x(~) ~(z)e(~)  , (2-20)

where. c(z) is the pigment concentration at depth z, including both the chlorophyll ~.

and the phaoepigments  at that depth. From this equation, and from knowledge of the

pigment composition of the water column, the scalar irradiance  field may be estimated

using equation 2-14 or 2-15. l;igure  2-18 illustrates the behavior of the diffuse

attenuation coefficient at a number of wavelengths as a function of the pigment

concentration from equation 2-20,
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Morel and Prieur (1977) found it necessary to define two water color types:

those characteristic of the open ocean, in the absence of tcrrigenous  particles, for

which bio.genous  particles were the dominant source of optical variability and kd(~,z)

does not contribute significantly to equation 2-19, and those for which inorganic

particles were dominant, presumably because of significant input of tcrrigenous  or

lacustrine  materials. The behavior of kd(~,z),  not illustrated in figure 2-17, is

often characterized by the continual rise in attenuation in the blue region of the

spectrum for these latter regions.

The integral of equation 2--14 is the photosynthetically available radiance,

~~par(z,), given by equation 2-3. l;rom this equation the diffuse attenuation coefficient

for the photosynthetically available radiation, Kpar(z),  may be calculated according to

the equation,

KDar(~) ;= 1 /  1’par(~)  d  ~~par(z)  / dz . (2-2’1)

‘l’he results of the calculation of Kpar(z)  are shown in figure 2-19 for fixed values of

the ratio of the photosynthetically available radiance, I~lJar(~),  to its surface value

and for increasing pigment content. F;igure  2-19 illustrates that Kpar(z)  is a function

both of pigment concentration and the depth within the euphotic  layer. I’his  fact is

responsible for the curvature of the vertical profiles of Epar(z)  shown in figure 2-

15a. q’his figure demonstrates that the diffuse attenuation coefficient for

photosynthetically available radiation is not a constant with depth even for a

vertically uniform pigment field, but varies significantly near the surface, becoming

asymptotically uniform with increasing depth.
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In equation 2-19 and in equations 2--5 and 2-6, the particulate and dissolved

components may be represented as the product of the chlorophyll ~ specific coefficient

and the chlorophyll 3 concentration, “l”hus, the chlorophyll 3 specific absorption

coefficient, a*(A, z), may be described as,

ao,z) = a*(),z) <~hl @ , (2-22)

where the value of <Chl 3> is the concentration of chlorophyll g in the suspension.

LJsing the results of equations 2-3 and 2-4, an effective absorption coefficient

for phytoplankton, “a*(z), can be defined that is a measure of the absorption by

phytoplankton  of the radiant energy available in the photosynthetic wavelength band.

“J’his coefficient is defined by the relationship,

“ a * ( z )  = 4oof700 {a*(J,z) EO(A,7) d~ /  400f700  I: O(A,Z) d~ , (2-2.3)

or

‘a*(z) = a*(435,7,) ~~pur  /  ~;par ~ (2-24)

the ratio of the photosynthetically usable radiance to the photosynthetically available

radiance. 3“he behavior of V.PUT(7.)  has bec.n described by Morel (1978) and by ~ollins,

et al. (1988b) and is illustrated in figure 2-20 as a function of the

Photosynthctica]ly  available radiance, ~par(~). ~’his figure illustrates that the

effective absorption coefficient is a function of the pigment concentration because of

the effect of pigment on the scalar irradiance  field.
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l“he variation of the spectral downwelling  irradiance  field with increasing

pigment concentration and depth is caused by the variations in the spectral

distribution of kd(~,z)  illustrated in figure 2-17 and equation 2-19. I’he downwelling

irradiance  field that results from including both sea water and biogenous  particles in

the computation of the diffuse attenuation coefficient as a function of depth is

illustrated in figure 2-21. l;igure  2-21a,  which illustrates the vertical distribution

of the downwelling  irradiance  for pure sea water, indicates the strong absorption in

the red portion of the spectrum. Figure 2-2Jb  illustrates the spectral narrowing

caused by a uniform pigment concentration of 5 pg/1, The photosynthetically usable

irradiance  defined by equation 2-4 is t}~e product of the spectral absorption

coefficient illustrated in figure 2-4 and the scalar irradiance,  which exhibits a

spectral narrowing similar to that shown in figure 2-21b  for the downwelling

irradiance.  The ratio of these two fields is the average cosine shown in figure 2-16.

‘1’hcse computations illustrate the enhanced blue absorption caused by chlorophyll 3.

The intensity of the scalar irradiance  field in the ocean has been shown to be

determined to a great extent by the phytoplankton  population. one measure of the

extent  of the scalar irradiance  field is the euphotic  depth, Ze,, defined as the depth

for which the photosynthetically available radiance, Epar,  is 1% of its value at the

surface. Ze is a practical measure of the, depth  to which light will penetrate. in the

ocean and has often been apprc]ximated by the use of the Secchi  disk. I;or the purpose

of evaluating the primary productivity in the ocean, a more realistic measure might be

the depth for which the photosynthetically usable radiance, l:pllr,  is l% of the value at

the surface. 3-his depth will depend both on the pigment concentration and to a limited

extent on the time of day because the spectrum of the irradiance  field at the surface

is a function of the solar ephemeris.
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Patterns in }’crtical  Distributions

While our prest?nt understanding of the causes of optical variability in the sea

is incomplete, the increased number of biological and optical measurements made in

recent years has lead to significant advances. Our understanding of the changes that

occur within the water  column are based upon the observation of similar patterns of

vertical distribution of biological and optical parameters at different geographic

regions and their explanation by the relationships described above, F:igure 2-22 (cf.

Siegel and Dickey, 1987a), illustrates the patterns obtained in October, 1982 from the

OI)I;X  cruise in the northeastern Pacific Ocean. At this station, there exists a

well-mixed surface layer in which the temperature is invariant with depth over the

upper 50 m of the water column. The seasonal thermocline  appears to extend from 50 m

to 80 m. Nitrate levels are at the limit of detectability within the surface mixed

layer and the upper part of the seasonal therrnoc]ine,  }Iowever,  at 90 m, below the

permanent thcrrnocline,  nitrate concentrations begin to increase rapidly with increased

depth.

l’igure  2-22a shows the vertical distribution of chlorophyll ~, chlorophyll ~

fluorescence, the potential density and the beam attenuation coefficient, c(660)  at

this station. ‘J’he concentration of chlorophyll rt, as estimated from fluorescence,

remains relatively constant in the surface mixed layer to 50 m, increasing below this

layer, and continuing to rise to 90 m. Below this depth, the concentration of

chlorophyll ~ decreases at first rapidly to 120 m and then more slowly. l’he

distribution of the beam attenuation coefficient, a measure of particle concentration,

while constant in the surface mixed layer, exhibits a deep maximum at 70 m, above the

chlorophyll maximum. Below the depth of the chlorophyll maximum, the vertical
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distribution of beam ‘attenuation closely resembles that of chlorophyll ~, decreasing

rapidly to 120 m and more slowly below,

l;igure  2-22b illustrates the vertical distribution of the spectral diffuse

attenuation coefficient in the water, kd(~), for different wavelengths in the visible

portion of the spectrum. q’he diffuse attenuation coefficient for the particulate

material in the water, kp(~) = kd(~) - kv,(~), the difference between the total diffuse

attenuation coefficient and the diffuse attenuation coefficient for water, most closely

resembles the distribution of chlorophyll B in the mixed layer as shown in figure 2-

22a.

l’he  patterns described in figure 2-22 are characteristic of oceanographic

regions where the upper water column contains a well-defined surface mixed layer and a

well developed or stable picnocline,  These patterns will be particularly well-defined

in regions where nutrient concentrations are low within the. surface mixed layer and

upper  parts of the seasonal mixed layer. Such conditions prevail in much of the

world’s oceans and offshore waters, ~’he major exceptions to this statement are

regions of active upwelling,  deep or rapid vertical mixing, or where the standing crop

of phytoplankton  is dominated by large motile species such as the dinoflagellates.  A

reasonable interpretation of the patterns shown in figure 2-22 requires a description

of the coupling between the physical and biological properties of the ocean. The

chlorophyll maximum appears at 90 m, at the bottom of the euphotic  zone. In overlying

waters, decreases in chlorophyll ~ concentration are caused primarily by the adaptation

of the phytoplankton  to higher light levels ancl to lower concentrations of nutrients.

~’his interpretation is supported by the fact that the beam attenuation coefficient, a

measure of particle concentratic~n,  does not decrease significantly in the waters above
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90 111. q’he constant value for both the beam attenuation coefficient and chlorophyll 3

concentration within the surface mixed layer results from the fact that vertical mixing

within the layer is sufficiently rapid  to eliminate changes caused by differences in

either  adaptation or net growth at different depths within the layer. Between the

surface mixed layer and the chlorophyll maximum, rates of vertical mixing are slow

enough so that such differences between depths caused by local adaptation and net

production are expressed in the profiles for chlorophyll g and beam attenuation.

BC1OW the chlorophyll maximum, the intensity of the scalar irradiance, ~,o(~,z,),

is sufficiently low that the local gross primary production, 11”(~), given by equation

2-1 is equal to or less than respiration by the phytoplankton.  l’he depth for whic}t the

local  production equals respiration has been defined by Sverdrup, (1953) as the

critical depth. Below the critical depth, respiration exceeds growth, At these

depths, for which the light is less than IVo of the surface irradiance,  a level

defining the depth of the euphotic  zone, the cells are optimally adapted for low light

conditions as mixing does not occur with the surface waters and their  relatively

intense scalar irradiance.  “1’bus, there are no further increases in the cellular

concentration of pigments in the underlying waters. ~’hese waters immediately below the

chlorophyll maximum are characterized by vertical patterns in which decreases in the

beam attenuation coefficient are mirrored by decreases in the chlorophyll E!

concentration, and increases in nutrient concentration, because the cells  can not

utilize nutrients effectively, In this water, vertical eddy transport between the

particle-enriched water of the lower euphotic  zone and the deeper, particle-free water

is now dominant.
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Relationships to Remote Sensing

3’he relationship between the spectral distribution of the upwelling  radiance,

I, U(A), or the water color, and the optical properties of the water arc used in the

remote sensing of the biomass and primary productivity of the ocean through the

description of the remote sensing reflectance, R(2), described in detail in chapter 28.

Morel and Pricur (1977) and Smith and IIaker (1978b) described the remote sensing

reflectance as,

~(~) = ]/~ bb(~) / a(~) . (2-25)

Because both the backscatter  and the absorption arc functions of the biogcnous

particulate, Ioad in the water column, the. remote sensing reflectance is dominated by

the concentration of phytoplankton  in the water. ~’hc consequences of this fact for the

remote  sensing of phytoplankton  biomass through pigment analysis, and of the estimate

of primary productivity of the phytoplankton crop will be explored in ~hapter  28,



liuture  Research

There are many unanswered questions in the relatively new field of marine

biological optics; a few examples are listed below:

1. What particles in seawater cc}ntribute  to the absorption and scattering of light?

Arc chroococoici bacteria important contributors to optical properties? now important

are detrital  particles and heterotrophic  bacteria? Methods such as flow cytometry and

microphotometry  that are capable of determining the optical properties of individual

particles may help provide answers to these questions.

2. More must be learned  about the quantum yield of photosynthesis, ~(z,), since this

parameter is the critical link between light absorption and primary production. 1s

this parameter only a function of photon flux ciensity and independent of phytoplankton

species, nutrient availability, or temperature? If not, what is its depenctencc upon

these ecological and species-dependent parameters?

3, }’re,sent

Conlple.te.

understanding of

l’he.re  have been

the absorption properties of marine particles is far from

almost no attempts to identify the photosynthetic accessory

pigments or photo-protective pigments that contribute to the absorption coefficient.

Application of IIP1,C to field studies is just  beginning, and rapid progress in pigment

identification is soon expected, “l’his question may include a consideration of the

effects of phytoplanktonic  spccics

particles or tho seawater itself.

succession upon the optical properties of the

4. 3’he optical properties of dissolved organic material have been neglected in this
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chapter. More needs to be lcarneci  about its contribution to light absorption, its

distribution, and its origin and fate.

5. Recent studies with subIi~ersible  spectroradiorneters  have shown that the attenuation

with depth of red light around 680 nm is not consist with the I,ambert-lleer  I,aw. light

levels within the euphotic  zone are much higher than would be expected from the diffuse

attenuation expected for both water and the concentration of chlorophyll ~, “l’he

anomalously high levels of red light appears most likely to be caused by the “natural”

or solar induced fluorescence of chlorophyll ~ within the phytop]ankton  cells. Can

this signal provide valuable information about the siTe of the phytoplankton  crop or

perhaps even information about the crop’s rate of light absorption or rate of primary

production?
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FJgure Captions

,,

F’igure  2-1:

Conceptual transformation of Carbon  and Nitrogen within the phytoplankmn

colilmtlnity.

};igurw  2-2:

‘l’he pal titioning  of e.ne.rgy by the phytoplankton  cell through absorption and

scattcrin~o “J’he  absorbed radiant energy  is furt}~cr  pa~-titioned  into heat,  fluo~csccnce

ancl tho assimilation of Carbon, NittoEcn  and othor compounds through photosynthetic

processes.

Figure  2-3:

‘J’ho propagation of light energy  in t}le ocean,  illustrating the effects of

absorption and scatte.rinp,  on the gcomc.try of the Iip,ht field  at depth, and tl~e.

relationship bctwccn  the upwe]ling  radiance, I, LIO), and the water-leaving radiance,

1 {W(A).

I’i8ure 2-4:

“J’hc spectral distiibutioa  of the at tenuat ion cocfficicnt, a(~), as the sum of

the water, aw(~), phytoplankton, ap(~), and clctrital, ad(~), componen t s . “J’hc water

component ,  aw(~), and the watt.r scattering cocfficicnt, blv(~),  arc (icrivecl  f r o m  h40rcl

and Prieur  (1 977), ‘J’he phytoplankton  component is derived from the re.su]ts of the work

of Soolloo,  et al. (1986) anti of Collins, et al. (1988b) assuming a pip,n~cllt

concentration of 5.0 pE/J. ‘J’hc clctrital  component  is  cierivccl  from Morel and ]’ricur

(1977), corlesponcling  tc) a scattering coefficient of ?.0 m- ] at 550 nm,
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I’igurc ?-5:

‘1’hc vcltical  distribution of the mean value of the spectral absorptioll

coefficient, ap(~,z),  for data collected on Diowatt 11 during August, 1987 in the

southern Sargasso  Sea. I>ata from Chambcllin  (1989), demonstrating a CICCP particle

maximum.

];ip,ure  2-6:

‘l’ho spectral distribution of the chlorophyll ~ specific particulate absorption

coefficient, a~p(~,~),  as a function of c]cpth. IIata  from the IIIOWA”I”l’  11 cr~lise.  in the

Sargasso  Sea, August, 1987. ‘l’he data froni Chamberlain (1989) indicates the variability

of the contribution from the dctrital  material to the total spectrum and tho increaseci

t>iF,lllcllt  concentration per Ce.tl  at ]OW lig,ht ]e.ve.ts.

l’iguro ‘2-’7:

7’hc in viyo absorption spectlum  for particulate material obtained from the

Sar~asso  Sca at a depth  of 10-/ m from the lIIC)WA’l”J’  I cruise, 1985. a: “1’hc particulate

absorption sjmctrum  with the location of significant pi~rncnts contributing to the

spectrum indicated. b: “l’he fourth derivative of the spectrum, illustrating the

pigment composition of the sanip]c. “1’hc analysis uses the techniques of }Iictip,alc,

Mor:ow  and Kiefer (1988a). IIata f]om Morrow (1988).

l:i~u]c ?-8:

An illustration of the decomposition of the spcctl um for particu]atc  absor~)tion

into phytoplankton  and dctrital  components. a: “l’he total particulate absorption

coefficient ,  ap(~), together with the phYtOplanktOn, a~,(~), and dct~ital, ad(~),



,. ?,

components which contribute to the spectrum. “1’hc u p p e r  dashed line is the

leconstructcd  spectrum. b: The regression of the particulate absorption cocfficicnt,

ap(~~o), a~ainst the chlorophyll  a concen t ra t ion . “1’110 open circles represent the totnl

ap(~~o)}  while th~ dark  triangles  r e p r e s e n t  t h e  phytoplankton  COnlpOIl~Ilt. l>ata  from

MOlrOW (1988).

l’i&urc  2-9:

q’he efficicricy  facto~s for absorption, Qa(~), and for attenuation, Qattcll(fl),

as a function of a wavelength dcpcncie.nt  parameter, p. “l’he functional form for Qa(~) is

dcr-ivccl  from van de }Iu]st (1983) and is illustrated in Collins, et al. (1986). in this

case, p is the optical dcnsiiy  of the ccntlal  lay propagating through the particle.

“1’hc  fulictional  form for QattcIl(p), the efficiency factor fol scattering in the case of

non-absorbing sp}lcrcs,  is given by van de llulst (1983) anti by Kilk (1986). in this

case, p is the phase lag for light propap,ating along the central ray of the particle.

l’ig,ulc 2-10:

‘J’hc cel]ular  pip,mcnt conce.lltratioll  in bc)th ]aboratory  cultures and fie]d

samJ>le.s  as a function of cell diameter, illustrating the packagins  of cellular material

for czlls of a wide ran~c of sires. IIata from IIlasco ct al. (1982), IIavie.s- COllCy  et

al. (1986) and h40rc1 (1987). l’igule  from Morrow (1988).

]’igurc 2!-11:

The concent~ation  of rnalinc partic]cs as a functioli  of particle volume in nwrr -

surface water.  IIata from Y.ancvcld  and l’ak (1 979) obtained at a number  of stations at

cliffwing  distancm  offshorw. “]’h~ increased  con~entration  of  large particks i s

rc.pICst2ntativf2  of terri~enous mater ia l .
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]’if,urc 2 - l ? :

“J’he  variation of suspended particle concentration as a function

attenuation coefficient, c(665), for samples from the northeastern Pacific

from }]ak,  et al. (1988) indicate differing regressions in this relationship

the chanp.cs in particle size distribution with clepth.

l;ip,uro  2-13:

of beam

Occan, IIata

causccl  hy

“l’he beam attenuation coefficient, c(660), as a function of the piF,mmlt

concentrat ion for  waters in tho central North l’acific (ke.an  at the C)ll}:X site.

Sul face mixed layer for which  the pigment concentration is vertically uniform.

‘J’hc re.p,ion  betwcwn the bottom of the mixccl  layer and the p a r t i c l e  m a x i m u m .

I-cp,ion between the particle n>aximurn  and the chlorophyll B maximum. in this

1:

2:

3: ‘1’hc

rc.~ion,

photoaciaptive  processes cause significant changcx  in the pip,mcnt  concentration pcr

cell. 4: ‘] ’he rep, ion below the chlorophyll a maximum. II) this le.gio~l, as a

consecluence of the low available irracliance, further  changes in the piF,lllO1lt

conccnt:ation  per ccl] do nc)t o c c u r .

l’i~u]e ?- 14:

‘J’he pi~mr?nt  specific beam attenuation ccmfficient  as a function of the optical

clcj~th  ill teirns  o f  Krlar. IXita f r o m  tllc CIIII:X c1 uise, 1982,  floln  K ie.fm ( 1 9 8 4 ) .  ‘1’he

uniform regions correspond to the surface mixcct  layer for each profile.

l(iF,urc  ?- 15:

‘l’he ciownwellirrg  irractiancc fie.lci in the ocean computcci  a s suming  a  ve r t i ca l ly

uniform pigment field,  from the work of h40rcl (1988) and of Collins, ct al. (1988 b).

45

/



.,

a: ‘I”]le. ve.ltical  distribution of the downwclling  }’par(z)  as a function of pigment

concentration. lx ‘1’he.  vc.1tica.1 dishi  bution  of the downwcllin?,  s p e c t r a l  itlacliance

computed for a pigment conce.nttation  of 5 pg,/1.

Ijgum  2-16:

‘1’hc average cosine of the downwellinc  irlaciiance  and the scalar irraciiancc

ficdcis  as a function of the optical clcpth,  for a ratio of scattering to absorption, b/a

= 5,0, l’rom Kirk (1986) for vertically incident  light at the sca surface,

]’igure 2-17:

‘l’he spectral distribution of the diffuw attenuation cocfficicnt, ko), as the

SUJN o f  the water,  kw(~), a n d  phytoplankton,  kl)(~), con~poncnts. Colilputcxl  frc)ni  the

t}mory of Mo~el  (1988) and Collins, et al. (1988b) for a pigment concentration of 5.0

/lg/1, I~ata for kwo) from Naker and Smith (1982).

l’i~urc ?- 18:

‘1’hc clcpcnclcnce  of tho ciiffusc attenuation c.oefficicnt  for downwcl]irlg

jrradiallcc,  kc](),pi~me.nt),

and Collins, ct al. (1988 b).

on the pip,lilcrrt  concchtration. Computcci from hforcl (1 988)

}’iguro 2-19:

‘1’hc clepcnciencc  of the diffuse attcnuatic]n ccwfficicnt  for ciownwc]ling

r’l~@tOs>’l~tlleti~ally  availa~~l~ irladiarlc~,  K pa1(1~i8rn~nt), 011 the i~ignlerlt  corl~c~ltl:ition.

Computccl  f~om the theory of Morel (1988) ancl Collins, et al. (1988b) for the 50°/0, 10°10

and 10/0 l:,l~ar  levels.
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l’ip,urc  2-20:

“1’hc  relationship between  the depth  ciistributio]is of the absorbed radiant

Cnclgy,  lll)”l., ant] the Fl}lotosynt}let  iCa]]y available irradiancc, l:l~ar,  as a function of

pi~me.nt concentration in the water column for vertically uniform pigri]e.llt  clistlibutions.

Computed  f~om the theory of Collins, ct al. (1988 b).

l’i~ure  2-?1:

‘1’he spcctla]  distribution of the clown we]ling ilractiancc,  l:Cl(~,7.),  as rr f unc t ion

of depth  fo] two values of the pi~lnent  concentration. Computed  from the theory of

Collills, et al, (1988 b). 3’his fi[lure illustrates the spectral narrowins  of the light

field  w i t h  i n c r e a s i n g  p i g m e n t  c o n c e n t r a t i o n .  a: Pure sca water.  b: 5 J/g/l pip,mcnt

conccnt  ration.

}’i~urc 2-?2:

“1’hc  vcltical  ctist~ibutiorr  of the optical prc)~]cl tics in the sea flom  Sic~cl and

IIickey  (1987a) for the OIll:X, 1982 cruise. a: ‘1’he vertical  Ctisttibutioll  of tho mean

potential ctcnsity,  beam attcliuation,  c(660), chlorophyll R fluo~cscencc,  chlorophyll ~

and l~llacol-]igrllcllts. b: “1’}ic  vcltical  dist~ibution of the ciiffusc at tenuat ion

cocfficimlt  for downwel]in~  irractiance at scle.ctcd  wavclcnf,ths.  ‘1’hc ctashtxl  line iIi

WCII pane.]  is the value of kw(~), the cliffusc attenuation coefficient for pure water at

that wavclcnp.th.
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